ABSTRACT: Culicoides (Diptera: Ceratopogonidae) host preferences and attack rates were quantified in early summer at a dairy farm in the Netherlands using livestock tethered at pasture. Midges were aspirated hourly over seven consecutive hours (17:00-23:00) from a dairy cow, a Shetland pony, and a sheep and correspondingly yielded seventeen, thirteen, and nine species. Of the 14,181 midges obtained, approximately 95% belonged to the C. obsoletus complex, C. dewulfi, C. chiopterus, and C. punctatus that together include all proven or potential vectors for arboviral diseases in livestock in northwestern Europe. On average, 7.6 and 3.5 times more Culicoides were collected, respectively, from the cow and the Shetland pony than from the sheep. In descending order of abundance, the C. obsoletus complex, C. dewulfi, and C. chiopterus dominated attacks on all three hosts, whereas C. punctatus and C. pulicaris favored only the two larger hosts. Irrespective of the host species involved, the three body regions attracted the same component species, C. chiopterus favoring the legs, C. punctatus and C. achrayi the belly, and the C. obsoletus complex, C. dewulfi, and C. pulicaris the head, back, and flanks. That known and potential vectors for animal diseases feed indiscriminately on a broad range of mammal hosts means that all major livestock species, including equines, are rendered susceptible to one or more Culicoides-borne pathogens. Journal of Vector Ecology 40 (2): 308-317. 2015.
INTRODUCTION
The arboviral diseases in livestock caused by bluetongue virus (BTV), Schmallenberg virus (SBV), African horse sickness virus (AHSV), and equine encephalosis virus (EEV) are all transmitted by biting midges of the genus Culicoides (Diptera: Ceratopogonidae) (Mellor et al. 2000 , Elbers et al. 2013 . Knowledge of the feeding behavior of these midges is central to a proper understanding of how these vector-borne diseases are transmitted among livestock, in particular cattle, horses, sheep, and goats.
During the 1987-1991 epidemic of African horse sickness (AHS) in Spain, Portugal, and Morocco, AHS virus (AHSV) was isolated from Culicoides imicola and pooled samples of vector midges that included C. obsoletus and C. pulicaris (Mellor et al. 1990 ). These two last-mentioned species occur widely in northwestern Europe, where they feed avidly on horses (Townley et al. 1984) and, in doing so, may induce insect bite hypersensitivity (IBH) (Mellor and McCaig 1974,) . Although European outbreaks of AHS have remained confined to the Mediterranean region, the disease is now widely considered to represent a latent, but significant, threat to the equine populations of Northern Europe (Backer and Nodelijk 2011, Carpenter 2014) , following the unforeseen and rapid spread of other Culicoides-borne arboviral diseases within the region, namely bluetongue and Schmallenberg virus (Mehlhorn et al. 2007 , Meiswinkel et al. 2007 , Dijkstra et al. 2008 , Elbers et al. 2013 , Afonso et al. 2014 . The dissemination of a virus such as AHSV hinges on the vector capacity of the Culicoides midge species involved in attacks on equines, how their abundance levels correlate with livestock host size and population density, and to what extent they are maintained by other, non-susceptible hosts, such as cattle and sheep, often kept in close proximity to horses (Iacono et al. 2013) . Given the importance of the role of the insect vector, it is surprising how little information exists on Culicoides host preferences in relation to equines and ruminants in Europe (Viennet et al. 2013 , Ayllon et al. 2014 , Elbers and Meiswinkel 2014 , Thompson et al. 2014 . In addition, these data are often not comparable having been gleaned using a variety of techniques. For example, in studies where the experimental animal grazing at pasture wears a sticky corset, by preventing the insect from feeding after landing, no information on Culicoides biting rates can be obtained (Viennet et al. 2013 , Thompson et al. 2014 . Vector feeding preferences can be determined by means of blood meal identifications, and though an inexpensive methodology that has furnished some information on the types of hosts attacked by midges worldwide (Garros et al. 2011 , Lassen et al. 2011 , Calvo et al. 2012 , Petterson et al. 2013 , it does not provide any information on relative host preferences and biting rates. Overall, the lack of detailed information on the relationship between the vector and the vertebrate host means that disease transmission modelers have been compelled to assume that Culicoides feed with equal facility and abundance on different livestock species (Hartemink et al. 2009 , Bessell et al. 2013 .
In this study, our aim is to further close this gap in knowledge by quantifying the relative host preference and attack rates displayed in Culicoides midges for a Shetland pony, a cow, and an ewe held at pasture. This study represents the second part of an ongoing investigation into Culicoides host preferences in the Netherlands (Elbers and Meiswinkel 2014) .
MATERIALS AND METHODS

Study site and hosts
The study was conducted between 25 May and 13 June, 2014 at a livestock holding (dairy farm) in the municipality of Ermelo, eastern Netherlands (grid-reference: 52˚, 18' N; 5˚, 43' E). The experimental pasture was situated approximately 150-200 m from a milking shed where 65 dairy cows were housed each night. Two Texelaar ewes and a Shetland pony were kept on a small pasture situated 50 m from the milking shed. The three experimental sites on the pasture formed the points of a rough isosceles triangle and separated from each other by a distance of 65 m to avoid any one site exerting influence over any other during the trapping sessions (Elbers and Meiswinkel 2014) . The host animals were: (i) a threeyear-old dry cow (100% Holstein-Friesian, black and white, weighing approximately 615 kg), (ii) a four-year-old ewe (Texelaar breed, off-white, weighing approximately 45 kg), shorn two weeks before the study commenced, and (iii) a five-year-old Shetland pony (golden-brown in color, height at withers 90 cm, weighing approximately 150 kg), shorn a week before the study commenced.
Study design
A randomized block design was used: each of the three animal hosts was each day assigned randomly to one of the three sites. Approximately six h before sunset (SS-6h), the three experimental animals were led out to their designated positions in the pastures and tethered to a pole. In total, 12 replicate measurements (days) were made. Daily observations were made only when the following weather conditions applied: windless, no rain, and temperatures >10˚ C; all collection days were bright, at most only partly cloudy.
Collection methods
Once every hour between SS-5 h and SS+1 h, Culicoides were aspirated directly from the skin of the animal host using a hand-held aspirator. Three separate regions on the animals were collected at random for five minutes once every hour: (i) the head, neck, thorax, back (to tail), and flanks, (ii) the belly (ventral area of the abdomen from between the front to between the hind legs), and (iii) the entire leg.
Culicoides identification
Culicoides were identified morphologically using primarily the published keys of Campbell and Pelham-Clinton (1960) and Glukhova (1989) . The C. obsoletus complex comprised two species: C. obsoletus and C. scoticus; C. chiopterus and C. dewulfi do not form part of the C. obsoletus complex and so are treated separately. Female midges were age-graded as either nulliparous, parous pigmented, gravid, or freshly blood fed (engorged) (Dyce 1969 , Harrup et al. 2013 ).
Attack and biting rate
Culicoides attack rate (AR) equates to the total number of midges aspirated from the three body regions (described above) of an animal per minute. The biting rate (BR) represents that proportion of the attacking midges/minute found to be freshly blood engorged.
Statistical analysis
A generalized linear mixed model (GLMM) with a Poisson error distribution and a log link was used to model differences in Culicoides abundance data (total number of Culicoides midges caught over the seven-hour period each day) among the three animal hosts. The GLMM was performed using the lme4 library of the statistical software package R, version 3.0.2 (2014). Host was used as a fixed effect, whereas site and collection days were used as random effects to account for non-dependent observations over time on the same animals. In the analysis, the number of Culicoides midges caught on the sheep was used as the reference category; the estimated regression coefficients (RC) for the different hosts may be expressed exponentially (e RC ) and represent the ratio between mean Culicoides midge counts in comparison to the reference category (Dohoo et al. 2009 ). Differences in Culicoides attack rate (based on Culicoides midges caught over the seven-hour period each day) between the pony, cow, and sheep were analyzed using the GLMM described above. Host was used as a fixed effect (sheep as reference category), and site, collection days as random effects to account for nondependent observations over time on the same animals. For the statistical analyses, Akaike's Information Criteria (AIC) was used as a model selection criterion. The fit of the model was assessed by residual analysis.
RESULTS
Nineteen Culicoides taxa, representing 20 species, were captured: 17 from the cow, 13 from the Shetland pony, and nine from the sheep (Table 1) . Although local species diversity encompasses more than 20 species (Elbers and Meiswinkel 2014) , approximately 98% of the Culicoides aspirated from the three animals comprised six taxa only, namely the C. obsoletus complex (two species), C. dewulfi, C. chiopterus, C. punctatus, C. pulicaris, and C. achrayi.
The number of Culicoides collected from the cow, the Shetland pony, and the ewe, were 8,847, 4,139 and 1,195, respectively (Table 1) . On average, 7.6 times (95% confidence interval (CI): 4.6 -12.5) more midges were collected from the cow (p < 0.001), and 3.5 times (95% CI: 2.1 -5.8) more from the Shetland pony, compared to the sheep (p < 0.001). The mean hourly attack rates for each of the most abundant species collected from the animals are shown graphically in Figures 1-4 . Midge activity commenced already 5 h before sunset and in all hosts peaked 2-3 h before sunset in C. chiopterus (Figure 1 ), 1-2 h before sunset in C. dewulfi ( Figure  2 ), 1 h before sunset in C. punctatus (Figure 3 ), and between 1 h before sunset and sunset in the C. obsoletus complex ( Figure  4 ) and C. pulicaris (not shown).
In the cow, C. chiopterus dominated midge attacks, followed by the C. obsoletus complex and C. dewulfi; the reverse applies to the pony, where C. dewulfi was dominant, followed by the C. obsoletus complex and C. chiopterus. Both C. punctatus and C. pulicaris favored the two larger hosts over the smaller one. Overall, in four species (C. chiopterus, C. punctatus, C. achrayi, and C. pulicaris), a strong correlation existed between attack rate and host size, the cow attracting the greatest proportion (62.4%) of the midges captured, followed by the pony (29.2%), then the sheep (8.4%). The most prominent deviation from this gradient occurred in C. dewulfi, the high numbers collected off the pony closely matching those from the cow; C. punctatus and C. pulicaris deviated in that they showed little preference for a smaller host (sheep). The C. obsoletus complex differed from all other species in that it displayed a flatter downward trend, its numbers more evenly distributed among the three host animals.
For the duration of the collection period (SS-5 hr to SS+1 hr), the mean attack rate (AR) for all species was higher on the cow than on the Shetland pony and the sheep (p < 0.001). In the C. obsoletus complex, the AR was 3.8 times (95% CI: 1.8 -7.9) and 2.3 times (95% CI: 1.1 -4.8) higher in the cow and Shetland pony, respectively, compared to the sheep. In C. chiopterus it was 8.7 times (95% CI: 3.8 -19.9) and 1.3 times (95% CI: 0.6 -3.0) higher, respectively, in the cow and Shetland pony compared to the sheep. In C. dewulfi it was 11.5 times (95% CI: 5.7 -23.5) and 8.3 times (95% CI: 4.1 -17.0) higher, respectively, in the cow and Shetland pony compared to the sheep. In C. punctatus it was 28.9 times (95% CI: 12.0 -69.2) and 10.5 times (95% CI: 4.3 -25.3) higher, respectively, in the cow and Shetland pony, compared to the sheep. In C. pulicaris it was 7.2 times (95% CI: 3.0 -17.0) and 3.2 times (95% CI: 1.3 -7.8) higher, respectively, in the cow and Shetland pony compared to the sheep.
The distribution of Culicoides species on the various parts of the animal hosts, and their respective abundances, are detailed in Table 2 . With regard to the cow, approximately 40% of the midges were captured from its head, back, and flanks, with the remainder shared almost equally between the belly and the legs. In the Shetland pony and the sheep, the vast majority of the midges (70.6%) were collected from the head, back, and flanks, with the remainder shared equally between the belly and the legs. In the sheep, the majority of the midges (70.2%) were captured off the head, back, and flanks, with only 5% off the belly and the remaining 25% off the legs. Irrespective of the type of host involved, the three body regions attracted always the same guild of biting midge species, the C. obsoletus complex, C. dewulfi, and C. pulicaris predominating on the head, back, and flanks, C. punctatus on the belly, and C. chiopterus on the legs. In all hosts, the fewest midges were found on the head.
DISCUSSION
In a randomized trial conducted over 12 days, we quantified relative Culicoides host preference rates by pootering midges directly from animal hosts. Compared to the ewe, approximately eight-fold more Culicoides were collected off the dairy cow and 3.5 times more from the Shetland pony. The 8:1 dairy cow:sheep ratio falls within the bounds of that obtained recently in other studies (Ayllon et al. 2014, Elbers and Meiswinkel 2014) , so it may now be considered more precise than the 1:1 ratio used previously as an input variable during transmission modelling studies (Iacono et al. 2013 , Bessell et al. 2014 .
With reference to the Shetland pony, our results most resemble those obtained 30 years ago in Ireland (Townley et al. 1984) , where up to ten species of Culicoides were found Table 2 . The number of Culicoides biting obtained by direct aspiration (5 min per body part per whole hour) from various body parts of a tethered dairy cow, Shetland pony, and an ewe and conducted for seven consecutive hours (from five hours before, to and including one h after official sunset) over a period of 12 days in May-June, 2014.
attacking a 16-year-old draught horse. Of 10,178 midges captured, the four most-abundant species were C. obsoletus (47.2%), C. dewulfi (42.6%), C. pulicaris (4.7%), and C. chiopterus (3.5%). These findings largely match ours, though we found C. chiopterus, along with C. punctatus, to be more abundant and C. pulicaris less so. This study was conducted on a farm where the dairy herd, comprising 100 head, is on pasture daily throughout the summer. This practice will augment midge populations locally, particularly in those species that are obligatorily coprophilic, such as C. chiopterus and C. dewulfi. Without doubt, this will cause a concomitant increase in vector pressure on any equine held nearby. Townley et al. (1984) captured midges from 11 regions of the horse and in order of intensity, the five regions attacked most heavily were the hindquarters (3,008 midges), the mane (2,698), the lower legs (1,709), the middle (923), and the neck (905). Though we sampled fewer regions by, for example, combining the head and back and flanks (equating roughly to their hindquarters, mane, and middle section), our results, in terms of actual numbers, are similar to those from Ireland. Moreover, there was also concordance between the two studies as to the landing sites preferentially selected for blood feeding; for example, the C. Obsoletus complex and C. dewulfi were encountered predominantly on the dorsal half of the horse and C. punctatus and C. chiopterus on the ventral half, the belly, and the legs, respectively.
In this study, Culicoides midges were collected off three livestock species: cattle , sheep, and the Shetland pony. Specific cues, such as CO 2 , are known to attract biting flies to a host, but if CO 2 were the only cue involved, then the head would be the site favored for biting. This is not the case. What emerged instead, is that the favored attack sites are species-specific, for example, it can be relied upon predictively that C. chiopterus will dominate always on the legs and C. punctatus on the belly and, furthermore, that this pattern is fixed irrespective of the vertebrate host species being attacked. The cue, or insect behavior, involved for the lower legs to be targeted preferentially by C. chiopterus, remains to be identified. Townley et al. (1984) had speculated '...that the presence of long hairs on the lower limbs...may have increased the relative attraction for these areas, ' but this seems unlikely, given that the lower limb in the cow and the sheep, also attacked heavily by C. chiopterus, are short-haired.
While previously unidentified viral pathogens, such as Schmallenberg virus, continue to pose serious challenges to the livestock industry, perhaps of greatest concern at present in Europe is the possible future emergence of AHSV (Carpenter 2014) . A baffling feature of our study was that freshly blood-fed midges captured off the pony comprised only 1.7% of the >4,000 midges obtained, a percentage significantly lower than that derived from the cow (22.0%) ( Table 1) . We are not sure if this is due to the coat of the pony being denser and furrier than that of the cow, thus compelling midges to burrow more deeply, with the result that they are not extracted as easily. A similarly low number of freshly blood-fed midges was obtained recently in a study conducted in England (Robin et al. 2014 ) when only three of >1,400 midges captured in light traps operated adjacent to stables were shown to have engorged on the horses nearby. In this instance, the problem may have been technical as the LT is not the optimal tool to use, particularly when dealing with species active during the crepuscular, and in which activity drops off sharply soon after nightfall, especially during more cooler nights that sporadically mark the early part of the season. Another possibility is that Culicoides midges are attracted to equines but do not feed on them as readily as on cows; if so, this would be of significance, inducing a suppressant effect on the transmission of viruses by Culicoides amongst equines. However, we are not inclined to this view because, ultimately, Townley et al. (1984) , employing a battery-operated mechanical aspirator and working later in the season (July/August), revealed the Culicoides biting rate on a draught horse to be high, with approximately 40% of >10,000 midges captured freshly engorged. Furthermore, the widespread prevalence of insect bite hypersensitivity (IBH) tells us that Culicoides do bite horses (Schurink et al. 2014 ), but whether high biting rates are necessary to trigger IBH has yet to be clarified. At this point, it would seem that the low percentage of blood-fed insects retrieved by us off the pony is artifactual due to a combination of factors: the use of a single study animal, hair-coat characteristics, and size of host (smaller host, in being screened more rapidly by the collector, allowing midges less time to feed).
Based on the data presented in Townley et al. (1984) , the mean Culicoides/min attack rates on a 16-year-old Irish draught horse (estimated weight approximately 650 kg) for midges of the C. obsoletus complex, C. dewulfi, C. chiopterus, C. punctatus, and C. pulicaris were 32.0, 28.9, 2.4, 0.2, and 3.2, respectively. Using comparable collection hours (one h before to one h after sunset), our concomitant attack rates for the Shetland pony were 5.7, 3.2, 0.9, 2.0, and 0.2, respectively. We consider the two sets of findings to be comparable, bearing in mind that the draught horse was approximately four times heavier than our Shetland pony, and that the Irish study was executed at the peak of the Culicoides season, from the end of July to early August (Townley et al. 1984) .
In this study, Culicoides biting midges were sampled hourly off a cow, a Shetland pony, and a sheep tethered at pasture, the observations restricted to those hours of the diel (17:00 -23:00) when vector attacks are known to be at their most intense. A total of 252 observations, made over 20 days in early summer, yielded 14,181 Culicoides; of these 62.4%, 29.2%, and 8.4% were captured off the cow, the pony, and the ewe, respectively. Twenty species of Culicoides were represented, with 17 harvested off the cow, 13 off the pony, and nine off the sheep. On each animal host, three body regions were sampled: the head and back and flanks, the belly, and the legs. Unexpectedly, it was found that each host region, irrespective of livestock species, always attracted the same insect guild, for example C. chiopterus fed almost exclusively on the lower part of the body, mainly the legs. The overwhelming majority (95%) of the midges captured off the experimental animals belonged to the C. obsoletus complex, C. chiopterus, C. dewulfi, C. punctatus, and C. pulicaris, all implicated as proven or potential vectors in the bluetongue and Schmallenberg virus epidemics that, in the last decade and a half, have affected livestock across Europe as far north as the 58 th latitude. That these vector species continue to dominate attacks on livestock, and do so irrespective of whether ovines, bovines, or equines are involved, renders all domesticated breeds susceptible to one or another Culicoides-borne pathogen. At this stage of our knowledge, it is reasonable to assume that at least one species within this vector sextet will also be able to replicate the virus that causes AHS in equines. In this regard, C. dewulfi is the most eye-catching, as shown already thirty years ago in Ireland.
